Introduction
Visible light communication (VLC) is emerging as a complementary technology to traditional radio frequency (RF) wireless communication. VLC uses visible light from light emitting diodes (LEDs) to enable data transmission between various devices, such as ceiling bulbs, lamps, light emitters embedded into cars and mobile devices [1] , [2] . In 2011, the potential of this technology was recognized by the Institute of Electrical and Electronics Engineers (IEEE) through the IEEE 802.15.7 standard for visible local area network (VLAN) [3] . This standard focuses on defining physical (PHY) and uplink medium access control (MAC) layers. Since the standard was published, studies about the PHY and MAC layers have received significant attention [4] - [17] . In previous studies, however, MAC performance analysis and improvement under effects of PHY transmission errors have not been discussed. The main goal of this paper, which is the output of the ASEAN IVO project "Smart Lighting for Internet of Things and Smart Homes", is to introduce a framework of PHY/MAC cross-layer analysis, in which PHY transmission errors are taken into account for analyzing MAC performance. Also considered in this paper is a solution to PHY transmission errors based on MAC enabling frame retransmissions.
Contributions
Motivated by the above discussion, the main goal of this paper is to introduce a unified framework of PHY/MAC cross-layer analysis. To the best of our knowledge, this is the first study for the IEEE 802.15.7 standard, in which its uplink MAC performance analysis and improvement under the effects of PHY transmission errors are discussed. More specifically, the contributions of this paper can be summarized as follows:
1) Consider the critical differences between IEEE 802.15.7 and previous standards, we derive a new cross-layer analysis. From the PHY-layer perspective, the analysis incorporates the effects of VLC channel, that differs from RF channels of both IEEE 802.11 and IEEE 802.15.4 [18] - [21] . From the MAC-layer perspective, our analysis takes into account modifications in (i) the backoff algorithm that differs from the one of IEEE 802.11 [18] , [19] , and (ii) the carrier sensing mechanism that differs from the one of IEEE 802.15.4 [20] , [21] . 2) To improve the performance, we consider the use of frame retransmissions. It is worth mentioning that though MAC enabling frame retransmissions is already specified in the IEEE 802.15.7 standard, it was often omitted in previous studies [10] - [17] due to the assumption of no PHY transmission errors. To do so, we propose a three-dimensional (3-D) Markov chain model for analyzing the MAC performance, which extends previous analytical models of IEEE 802.15.7 MAC, e.g., 1-D Markov chain [13] and 2-D Markov chain [14] , by (i) adding a dimension for retransmission states and (ii) taking into account PHY transmission errors in state transitions.
3) The proposed model allows the derivation of various system performance metrics, including delay, reliability, and throughput. Based on these metrics, we discuss a cross-layer optimization, where the maximum number of retransmissions is selected by a trade-off between the PHY loss reduction and the MAC service time increment. As confirmed in the numerical results, MAC performance is critically affected by PHY transmission errors, and frame retransmissions, with a proper selection of the maximum number of retransmissions, could considerably improve the performance. The remainder of the paper is organized as follows. The network topology and operation are discussed on Sect. 2. Modelings of PHY and MAC, and PHY/MAC cross-layer analysis are presented in Sect. 3. Numerical results are given in Sect. 4. Finally, Sect. 5 concludes the paper.
IEEE 802.15.7 VLAN Topology and Operation
We consider a typical VLAN topology, where VLC links are used to establish communications between N devices and a single central controller, called the coordinator. An example of the topology (N = 4) can be seen in Fig. 1 . Each device is equipped with a single LED (or a group of LEDs) for the uplink transmission. Located in the center of the ceiling is the coordinator that points towards the ground, while located on a plane above the ground are devices that point towards the coordinator.
MAC operates in up link of the VLAN, where all devices contend to send data to the coordinator. A random access protocol based on CSMA/CA is utilized before the data transmission. Fig. 2 shows the flow chart of the access protocol enabling frame retransmissions, which is briefly explained as follows. First, four variables, including the number of backoffs (NB = 0), contention window (CW = 2), backoff exponent (BE = macM i nB E ) and retransmission times (RT = 0), are initialized. Then the access algorithm randomly selects a number of complete backoff periods in the range [0, 2 BE − 1]. After the backoff period ends, the device performs the clear channel assessment (CCA) for determining whether the VLC medium is idle or not. If the medium is idle, the device then starts transmitting frames. If the medium is assessed to be busy (i.e., CCA failure), the access algorithm will increase the value of both NB and BE by one up to a maximum value macMaxCSMABackoffs and macMaxBE , respectively. Thus, the values of NB and BE are dependent on the number of CCA failures. If macMaxBE is reached, BE remains at the value of macMaxBE until it is reset. If macMaxCSMABackoffs is reached, the frame is then discarded due to the medium access failure. Otherwise, the access algorithm generates a random number of complete backoff periods and repeats the process. Here, the variable macMaxCSMABackoffs represents the maximum number of times the access algorithm is required to backoff.
If medium access is successful, the device starts transmitting frames and waits for an acknowledgment (ACK). The reception of the corresponding ACK is interpreted as successful frame transmission. However, due to PHY transmission errors, the transmitted frame does not always reach the VLAN coordinator. In waiting for the ACK, the originator MAC sublayer starts a timer that will expire after macAckWaitDuration optical clocks. If the device fails to receive ACK due to collision or ACK timeout, it performs the retransmission procedure. The variable RT is increased by one up to macMaxFrameRetries. If RT is less than macMaxFrameRetries, two variables, CW = 0 and BE = macMinBE , are initialized. The access algorithm is restarted to access the uplink for retransmissions. Otherwise, the frame is discarded due to the retransmission limit.
IEEE 802.15.7 VLAN Performance

PHY Modeling
When considering only the direct line of sight propagation path, the channel direct current (DC) gain is given by
where A , d, φ and ψare the physical area of the detector in a photodiode (PD), the distance between the transmitter and the receiver surface, the angle of irradiance with respect to the axis normal to the transmitter surface and the angle of incidence with respect to the axis normal to the receiver surface, respectively. T s (ψ ) is the gain of optical filter, and c is the width of the field of vision (FOV) at a receiver. The optical concentrator gain at the receiver, g(ψ), and the order of Lambertian emission, m, are defined by [22] 
where η and φ 1/2 are the refractive index of lens at PD and the half power semi-angle, respectively. The channel DC gain of the first reflected path is given by [23] dH
where D 1 and D 2 are the distance between LED chip to the reflective point and between the reflective point to the receiver surface, respectively. ν is the reflectance factor, dA ref is a reflective area of a small region. φ r is the angle of irradiance to reflective point; α, β are angles of irradiance and incident to reflective point, respectively. Technically, PHY transmission errors are understood as bit errors. Bit-error rate, denoted as P e , is dependent on PHY types posed by modulation. PHY I and PHY II are defined for utilizing a single light source and supporting on-off keying (OOK) and variable pulse-position modulation (VPPM); whereas, PHY III is defined for utilizing multiple light sources and supporting color shift keying (CSK) modulation [4] - [6] . In Table 1 , we provide expressions of P e in term of electrical signal-to-noise ratio (SNR) for different modulation formats. 1 The SNR can be expressed in terms of the received optical power and noise variances as
where γ is the PD conversion efficiency. The received optical power, P r , is the total power received from the directed path and first reflected path, which is derived as
where P t is the average transmitted optical power, which is assumed to be the same for all LEDs. (1) and (4), respectively. Moreover, in case of indoor VLC channel, the noise in VLC receiver is similar to the traditional optical receiver, which is thermal noise from load resistor, shot noise in photodiode and excess noise from the amplifier. The main noise component is other illumination light, which is the major reason of ISI phenomenal. In multi-path case with ISI, the desired received power and ISI power are given by
Here, h i (t) is the impulse response of the channel from i -th LED to the receiver. Two remaining noise variances in Eq. (5) are thus given by
The first term represents shot-noise variance and the second term expresses the thermal noise variance. Input parameters to estimate these terms are specified in Table 3 .
MAC Modeling
To model the operation of IEEE 802.15.7 MAC enabling frame retransmissions, we propose in Fig. 3 a 3-D Markov chain. This model is also used to study the performance of a representative device that operates in the VLAN. In comparison with previous analytical models of IEEE 802.15.7 MAC, e.g., 1-D Markov chain [13] and 2-D Markov chain [14] , the 3-D Markov chain model has a new dimension for frame-retransmission states. First, we denote bs(t), bc(t) and r c(t) as the stochastic processes representing the backoff state, the backoff-counter state and the retransmission-counter state at time t, respectively. Next, we denote some important parameters by W 0 = 2 macMi nB E , m 0 = macMi nB E , m b = macM axB E , m = macM axCSM A B ackoffs, n = macM axF r ameR etr i es. All states of 3-D Markov chain and their transition probabilities are shown in Table 2 . Note that is the probability of assessing medium busy, q 0 is the probability of going to the idle queue state Q 0 , P f be the probability of a failed transmission attempt, L s is the time period for successful transmission, L f is the time period for failed transmission, and ω is the probability of performing CCA by a device. Now, let 
We denote ζ = (1 − )P f . Expressions for each term of Eq. (14) are derived as follows
By replacing expressions of 1 -4 in the normalization condition given by Eq. (14), we obtain the expression for π 0,0,0 .
Next, we recall the definitions of (probability of assessing medium busy) and ω (probability of performing CCA by a device). Thus, the expressions for these parameters are derived as follows
where L is the total frame length (including overhead and payload), and L ack is ACK packet length. Given P f and q 0 , (19) and (20) form a system of non-linear equations for ω and . The system can be solved through a numerical method. Once is known, we can calculate π 0,0,0 and other stationary state probabilities.
PHY/MAC Cross-Layer Analysis
From the previous section, it can be seen that the 3-D Markov chain representing the operation of IEEE 802.15.7 MAC enabling frame retransmissions can be fully modeled if two parameters, P f (probability of failed transmission) and q 0 (probability of idle queue), are known. However, these parameters could not be obtained without considering the interaction between the PHY and MAC layers. In this section, we derive these parameters, and performance metrics of VLAN.
Probability of Failed Transmission:
Indeed, failed transmission happens if collisions happen. Nonetheless, PHY transmission errors can also result in failed transmission. Therefore, P f is given by
The first term is the probability of collision that happens when there is at least one of the N − 1 remaining devices having data and accessing media,
The second term, P phy , is the frame error rate due to PHY transmission error. We assume that all frames have a length of L bits. The frame error rate can be expressed as
where P e is BER that was derived in Sect. 3.1.
Probability of Idle Queue:
To investigate this parameter, each device is assumed to be a queuing system that is characterized by the arrival process and service time distribution. The arrival process determines the input traffic to the MAC layer. The service time of the queuing system is the MAC service time, denoted as ST mac . For the sake of tractability, we utilize the M /M /1/B queuing system, which is characterized as follows. Frames arrive according to a Poisson process with mean rate of λ (frames/second), the service time is exponentially distributed with rate of μ = 1/ST mac (frames/second), and the maximum capacity of the queue is B (frames). Such queuing system is in state b if there are b frames in queue (waiting or serviced). Let q b be the steady-state probability of state b. According to queuing theory for M /M /1/B , q b is given as
where ρ, called traffic intensity, is defined as ρ = λ μ = λST mac . It means that the probability of idle queue state q 0 can be directly calculated from ST mac . The mean MAC service time defined as the time interval from the instant the frame is at the head of its MAC queue and ready to be transmitted until an ACK for such a frame is received. Though ST mac is a MAC performance parameter, it is highly affected by PHY transmission errors due to retransmissions needed for the losses. We derive in following the relation of ST mac with P f ,
where the event A j denotes the occurrence of a successful frame transmission at time j + 1 given j previous unsuccessful transmissions, the event A t denotes the occurrence of a successful frame transmission within n attempts. We then have
D j is the mean service time of a successful frame transmission at time j, which is calculated as
where L s and L f are respectively the time periods for successful frame transmission and failed frame transmission, 2 and L bo is the mean backoff delay. They are calculated as
where T prop is the mean propagation delay, T IFS is the inter frame space, T ACK ,to is the maximum ACK waiting time (timeout), T cs is the channel sensing time, and aUnitBackoffPeriod is a backoff time period.
Performance Metrics:
As can be seen in Eq. (24), q 0 is a function of ST mac . On the other hand, to calculate ST mac in Eq. (25), is needed. As shown at the end of Sect. 3.2, given q 0 , a system of non-linear equations can be solved for . Thus, a loop mechanism is embedded to find q 0 . Starting with an initial value of q 0,i n , the system of non-linear Eqs. (19) and (20) is utilized to determine ω and . Then, these parameters are used to estimate ST mac by using Eq. (25) . Based on Eq. (24), a newly updated value of q 0,up is calculated from the estimated ST mac . This q 0,up is used in the next iteration. The process continues until the value of q 0 converges to a stable value, i.e., q 0 − q 0,up < ϑ, where ϑ is the tolerance for convergence of q 0 . Note that, the probability of PHY loss P phy is an essential input for every loops since it is used to calculate the probability of failed transmission P f in Eq. (21) .
Once q 0 converges, outputs concerning queuing analysis can be computed. Three performance parameters are considered in our study: (i) the per-device throughput (T ) is the average number of payload bits successfully delivered by a device per time unit, (ii) the per-device delay (D) is the average time interval from the instant a frame arrives queue until it is successfully delivered by a device, and (iii) the per-device reliability (R) that is the probability of frame successfully delivered by a device. where P full.buff , P mac.fail and P trans.fail are probabilities of full buffer (in queue), medium access failure (in MAC) and transmission failure due limited retransmission (in PHY), respectively; L p is the frame payload length; Q is the mean number of frames in the queuing system. P full.buff , P mac.fail , P trans.fail and Q are given as follows
In Fig. 4 , we summarize our methodology for the PHY/MAC cross-layer analysis.
Numerical Results and Discussions
We consider two basic VLAN scenarios with different number of devices, N = 4 and 8. Each device is equipped with a single LED for the uplink transmission. 3 The typical room size, X = 5 m, Y = 5 m and Z = 5 m, is assumed. Located in the center of the ceiling is the coordinator, while located on a plane of H = 1 m above the ground are devices (similar to the setup in Fig. 1 ). The top view of two scenarios are shown in Fig. 5 , where devices are assumed to be located in a circle, whose center is the coordinator. The top-view distance between devices and the coordinator is denoted by r . Table 3 lists PHY/MAC setup parameters used in our analysis. All devices commonly use these setup parameters. Due to this assumption, the per-device performance is used to represent the VLAN performance.
First, Table 4 quantitively shows PHY transmission errors of uplink VPAN as a function of user location and transmitted optical power. Among various setup options for different IEEE 802.15.7 PHY types (as specified in [4] , [5] ), we choose PHY I.e (OOK modulation, data rate of 100 kb/s, optical clock rate of 200 kHz, and no FEC) as an example for the FER calculation. For different user locations, values of r , varying from 2.3 m to 2.5 m, are considered. For different transmit powers, two values of P t , 1 mW and 0.5 mW, are investigated. It is obvious that the FER performance is highly various as user location and transmit power changing. For example, given 0.5-mW P t , FER increases nine times when relocating users from r = 2.3 m to r = 2.5 m. At the higher transmit power, lower FER can be observed. However, the improvement is not that significant since using high power also increases noise variance. The important point is that although the high vary of FER performance is confirmed, effects of PHY transmission errors have not been considered in conventional MAC analysis. More specifically, FER = 0 is simply assumed in the analysis [10] - [17] .
In Fig. 6 , to see effects of user location and transmitted optical power on MAC performance, we compare results of applying conventional analysis (denoted as MAC-only) and our PHY/MAC crosslayer analysis for N = 4 scenario. The results show a notable difference. For example, the delay difference between MAC-only and PHY/MAC cross-layer analysis is 2.5 ms at 10 frames/s arrival rate, r = 2.4 m and P t = 1 mW. When increasing the distance between devices and coordinator, the difference is further increased, i.e., 4 ms at r = 2.5 m. For reliability and throughput performance, the difference can also be seen clearly. For example, almost 100% reliability is evaluated by MAC-only analysis, whereas only 30% reliability is evaluated by PHY/MAC cross-layer analysis at 10 frames/s arrival rate, r = 2.5 m and P t = 1 mW. In the same conditions, throughput is evaluated to be 40 kb/s and 13 kb/s by MAC-only and PHY/MAC cross-layer analysis, respectively. The differences come from the fact that MAC-only analysis does not take the PHY transmission errors into account, whereas the errors are considered in PHY/MAC cross-layer analysis. Therefore, in comparison with PHY/MAC, MAC-only analysis overestimates the performance. That explains why higher reliability and throughput, and lower delay can be seen in MAC-only results.
It is important to note that when using MAC-only analysis, the performance is identical regardless of user location and transmitted optical power since no PHY transmission errors are assumed (FER = 0). However, this is not a realistic conclusion. For example, when devices are located far away from the coordinator, a notable degradation of performance is undoubtedly expected due to the weak transmission signal. A more realistic conclusion can be drawn from our PHY/MAC cross-layer analysis. Specifically, the size of VLAN is limited in space, specified by a maximum value of r . For example, at 10 frames/s arrival rate and P t = 1 mW, r < 2.4 m is recommended for the size of VLAN so that the reliability can be guaranteed to be higher than 70%.
In Fig. 7 , we consider another scenario, N = 8. As the number of devices increases, MAC collisions happen more often due to growing traffic loads. As expected, the performance is poor, especially in high arrival rates. For example, when the arrival rate exceeds 2 frames/s, the reliability decreases dramatically, and the throughput nearly gets saturated. However, the difference between MAC-only analysis and PHY/MAC cross-layer analysis is less significant in this scenario since MAC collisions are the main cause of frame transmission failures. For example, when r < 2.3 m and P t = 1 mW, there is almost no difference between MAC-only and PHY/MAC cross-layer analysis can be seen in this short distance and high transmitted power. Thus, PHY actions, i.e., moving devices closer to the coordinator or further increasing power, cannot help to improve the performance. Alternatively, MAC actions could work, i.e., reducing the number of devices or arrival rate. These interpretations could be useful in the practical design of VLAN for specifying important setup parameters, e.g., r , P t , N and arrival rate.
Next, we utilize PHY/MAC cross-layer analysis and investigate the effects of frame retransmissions on MAC performance with fixed user location and power (r = 2.4 m and P t = 1 mW). It is intuitively clear in Figs. 8 and 9 that utilizing frame retransmissions improves reliability and through- put performance in low arrival rates; however, the performance becomes worse when arrival rate exceeds a certain level. This is because that for low arrival rates, MAC collisions happen less often, and PHY transmission errors mainly limit performance. Due to frame retransmissions, these errors can be mitigated, as seen in Eq. (36). Frame retransmissions, however, also cause increasing MAC service time due to a higher number of transmissions needed. In Eq. (34), it is seen that the probability of full buffer increases as traffic intensity that is proportional to MAC service time and arrival rate. For high arrival rates, the probability of full buffer increases faster; thus, the cost of using frame retransmissions can be seen clearer. The utilization of frame retransmissions is recommended when λ < 15 for N = 4, and when λ < 7 for N = 8. This also implies that the appropriate range of frame retransmissions is higher for VLANs with a small number of devices.
Additionally, the setup parameter of frame retransmissions, n (i.e., maximum number of times that a frame can be retransmitted), could be carefully selected for the operation of frame retransmissions. Higher value of n will result in higher reliability and throughput performance when λ < 5 for N = 4, and when λ < 2 for N = 8. This, however, also causes higher delay. Thus n needs not to be arbitrarily large. Moreover, the small value of n has an additional meaning: It requires a smaller buffer-size penalty at the coordinator, thus improving the possibility to implement frame retransmissions in practical. In summary, we have following recommendations: (i) for N = 4, n = 3 when λ < 5, n = 1 when 5 < λ < 15, and no retransmissions when λ > 15; (ii) for N = 8, n = 3 when λ < 2, n = 1 when 2 < λ < 7, and no retransmissions when λ > 7. It is important to note that similar recommendations can be conducted for other configurations of IEEE 802.15.7 VLAN by applying our PHY/MAC crosslayer analysis.
Conclusion
The IEEE 802.15.7 standard is the most crucial initiative for the deployment of VLAN. Two key layers defined in this standard are PHY and MAC. This paper has studied a PHY/MAC cross-layer analysis for the standard. Our results have shown a severe degradation in uplink MAC performance caused by PHY transmission errors. Through various performance metrics, i.e., delay, reliability, and throughput, it was clearly seen a need of the PHY/MAC cross-layer analysis for specifying important design parameters of VLAN, e.g., user location, transmitted optical power, number of devices, and arrival rate of traffic. We also investigated the use of frame retransmissions, defined in the IEEE 802.15.7 standard as an error control protocol for improving VLAN performance. Our results have shown both effectiveness and cost of frame retransmissions. Thus, recommendations for selecting the maximum number of retransmissions were made for VLAN performance tradeoffs. Since the PHY/MAC cross-layer analysis is essential to predict and optimize the protocols of IEEE 802.15.7 standard, we believe that the design of future VLAN can benefit from the results presented in this paper.
